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RNATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THE AMES SUPERSONIC FREE-FLIGET WIND TURNEL

By Alvin Selff, Carlton 8. Jemes, Thomas N. Canning,
and Alfred G. Bolssevailn

SUMMARY

The Ames supersonic free-flight wind tunnel is & new piece of
equipment for serodynamic research at high supersonic Mach mmbers. It
has a very wide Mech number range extending from low supersonic speeds
to Mach numbers in excess of 10. The high Mach numbers are reached by
firing models at high speed through the test section in a directlion
opposite to the wind-tunnel alr streaem which has s moderate supersonic
Mach number. In this way, high test Reynolds numbers are attalned even
at the highest Mach numbers and the problem of alr condensation normally
encountered at Mach mumbers above 5 is avolded. Aerodynemic coefficlents
are computed from a photographic record of the motion of the model.
Methods have been developed for meassuring dreg, lift-curve slope,
Pltching-moment-curve slope, center of pressure, and demping in roll,
and further extension of the use of the wind- tunnel is expected.

The air stream of this wind tunnel 1s Imperfect due mainly to a
pymnetrical palr of oblique shock waves which reflect down the test sec-
tlon. Because of the nature of the test technigue, the imperfections are
belleved to have no seriocous effect on model tests.

INTRODUCTION

In many respects, the supersonic free~flight wind tummel i1s closely
related to the free-flight firing ranges used in ballistic research, such
ap those at the Ballistlc Resesrch ILsboratory esnd the Navel Ordnance
Isboratory. The two most fundementel polnts of difference are the use of
a countercurrent alr stream to produce high test Mach mumbers, and the
short length and small mmber of measuring statlons to which the wind-
tunnel instellation is necessarl]ly réstricted.

RESTRIGHED
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This method of testing offers the followlng asdvantages at high
supersonic speeds:

l. High Reynolds numbers

2. ‘No alr condensation problem

3. Boundary-layer temperstures compersble
~- - to those encountered in flight

4. Wide Mach number range

The main disadventage 1s that aerodynamic measurements are, in generel,
limited to those propertles which can be deduced from the recorded motion
of a model in free flight. Thue far, methods have been developed for
measuring drag, lift=curve slope, moment-curve slope, center of pressure,
and demping In roll.

Because of—the umusual nature of this equipment;,  and because it i1s
proving to be very useful for certaln kinds of aerodynamic research, this
report has been prepared. It contalns a description of the equipment and
i1ts use to obtaln serodynsmic coefficlents. The imperfections In the
wind-tunnel alr stream and theilr effect on model tests are also discussed.

SYMBOLS

a horizontal component of the instantaneocus acceleration of-the
model center of gravlity normal to the tunnel center line,
Teet per second squared

A,B boundary constanmts In roll equation
b model span, feet _
" drag coeffictent | —2-
Cp co clen \ Sag .
L
C1, 1ift coefficlent (-——)
8qo0
rouigimment
C rolling-moment coefficient ( )
: Byab
Cm pltching-moment coefficien'lr(pit 5-201 en.t)
Cm demping in pitch due to rate of change of model-axls inclina~—
1 tion relative to axes fixed in space, seconds
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Cong

Ly

C,,Cp

E,F
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damping in piltch due to rate of chenge o:f mod.el exis inclina—
tion relative to wind, seconds

11ft-curve slope <%L>, per redian

rolling-moment coefficient due to a.symetry of model
%
dee

constants used in roll calculations

damping-in-roll coefficient

pitching-moment-curve sglope

drag, pounds
cougtants defining varlation of o with time
frequency of the pitching motlion, cycles per second

total pressure in wind-tunnel settling chamber, pounds per
square foot

exiel and latersl moments of inertia sbout model center of
gravity, slug feet squered

demping constant, per second

S
constant in the dreg equation (%9:1—) » per foot

model length, feet
11ft, pounds

roliing moment due to model asymmetry and due to rolling,
respectively, foot pounds

model mags, slugs

test Mech number

ailr stream Mach mn.nber relative to tunnel structure
rolling velocity, radiens per second

free-stream static pressure from tunnel-well measurements,
pounds per square foot
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free—stream dynamic pressure, pounds per sqguare foot

double integral with respect to time of the angle—of-attack
function, seconds sqguared

coordlnate axls normel to tinnel axis

pov 1
Reynolds mmber

Co
(2%

meximim cross—sectlional area of model body, square feet
total included area of all wings, square feet
time, seconds

x-wise component of alr-—stream velocity relative to wind
tunnel, feet per second . --

z~ywise component of model velocity relative to wind tunmuel,
feet per second

- x-wise component of model veloclity relative to the alr stream,

Teet per second

component of resultant velocity normal to tumnel axls, feet
per second

resultant veloclity of model rela:bive to the alr stream, feet
per second

y-wise component of model velocity, feet per second

dlstence pardllel to tunnel exis traveled by model relative to
wind turmel, feet .

digtance parsllel to tumnel axis traveled by model relatlive to

alr stream, feet

. distance fram model nose to center of gravity and center of .

pressure, respectively, feet

horizontal distence from tunmel center line, feet

angle of attack of model relative to local flight path, radians
measure of the asymmetry of model tending to produce roll
angle between tunnel axis and relative wind, rajians

TN
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Ho absolute coefficient of viscoslty in free stream, slugs per
foot second
Po free-stream sir density, slugs per cuble foot
@ roll angle, radlans
tw 2t
Subscripts
1 refers to the initially chosen values of the constents in the

roll equation

1,2,3,4 refer to times, posilitions, end veloclties at the Instents of
exposure of the shedowgraphs In stations 1, 2, 3, end L,

respectively
iz2, 14, refer to intervals of time or &lstence between stations
23, ete. land 2, 1 end L, 2 and 3, etc.

EQUIPMENT AND TEST TECHNIQUES

The Wind Tumnel

The supersonlc free-flight wind tunnel 1s a blowdown wind tunnel
vhich utlllzes the Ames 12-foot low-turbulence pressure wind tunnel as
& reservolr end which exheusts to the atmosphere. Reservoilr pressures
up to 6 atmospheres sre avellable. The general arrangement of the wind
tumel 1g 11llustrated in figure 1. This drawlng showa plan and eleva-
tlon views of the settling chamber, supersonic nozzle, test section, and
diffuser. The supersonic nozzle 1s two-dimensional wlth plane glde wells
and rigild, symmetrical, contoured upper and lower blocks. These blocks
are Interchengeeble, peirs being avallable for Mach numbers 2 end 3, but
only the Mach number 2 nozzle has been used. The test section is nomi-
nally 1 foot by 2 feet in cross section and is 18 feet long. It conteins
windows for seven shedowgraph statlons, four at 5-foot 1lntervels along
the top end three at T.5-foot intervals along the side. Figure 2 is a
Photogreph of the test chamber. The test section is at the left, with
the black photographlc plate holders of the three side stetions in view.
Alr flow 1s from left to right, model flight from right to left. At the
right 1s the control panel and a portion of the diffuser 1s visible above
it. Two right-angle turns nesr the diffuser exlt bar light from the
tunnel interior. In addition, the interior of the tummel 1s painted
bleck to minimize light reflection. ‘



Models and Model ILaunching

The research models are lsunched from guns located in the diffuser
ebout 35 feet downstream of the test—section (fig. 1). The guns range
in bore diameter from 0.22 inch to 3 inches. At the time of this writing,
the 37 millimeter size has been the largest gun used. The smeller guns
are used for tests of bodlies alone and the larger ones for winged models.

There are geveral reguirements that the research models must meet—
which are not encountered In conventidnal wind tumnels. They have to be
strong enough to withstand the high lsunching accelerations (up to
100,000 g's in extreme cases). They have to be light enough to decelerate
measurebly for drag determination and thelr moments of inertia must meet
certain requlrements in the case of meagurement of angular motionms. They
mist be stable so0 as to remaln at or near the required attitude in flight.-
Frequently, some of the requirements conflict with others, but 1t has been
found possalble to test a wlde varlety of bodles and wing-body combinations.
Scme which are being studied are shown in figure 3(a). All three of these
models can be made sercdynamically stable by proper internal design to
locate the center of gravity ahead of the center of pressure. The one at
the right can also be spin stebllized by launching from = rifled gun.

Launching the models without angular disturbance or dsmage is 4iffi-
cult end has required prolonged development in several casses. FElements
in the development problem include: (1) building the model with the
hlighest structural strength possible commensurate with the aerodynamic
requirements of weight and stability; (2) proper cholce of-powder type
and charge to produce—lowest—possible accelerating force on the model for
a given velocity and given gun barrel length; (3) proper design of the
Plastlic cerrier, called a sabot, which is used as & piston totrensmit
the accelerating force to the model and to hold the model in proper
alinement as 1t accelerates down the gun barrel. The key element is the
sebot which must separste from the model within a few feet of the gun
mizzle without imperting a large angular disturbance to the model. 8Sev=
eral different kinds of sabots have been developed for use with dlfferent
types of models. Figure 3(b) shows the disessembled ssbots corresponding
to the models of figure 3(a). Figure 3(c) shows the complete apsemblles
ready for firing. The sabot at the left aepa.ra.tes‘ due to serodynamic
force on the beveled leading edges of the f:l.ngers. The way 1in which
seperation occurs is shown in a shadowgraph picture (fig. 4).2 The sabot
at the center of figure 3 seperates because of a series of circumferentisl

11t 18 believed by the authors that the first extensive use of sebots of
this type was at the Navel Ordnasnce Leboretory, White (Oak, Marylend.
8The vertical lines in the shadowgraph are wires which the model breaks
to Initiate the spark. Thils photogreph was obtalned in a proof range
used for launching development.

L
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cutters rigldly mounted to the gun mmzzle which act to decelerate 1t
relative to the model. The sabot at the right is typilcel of those whlch
have been used with spilnning models end separategs due to the shattering
of the thin plagtic collar by the firing Impeact.

The speed with which the model 1s launched can be varled from sev-
ersl hundred to severel thousand feet per second by changing the type
and amount of gunpowder. The wide range of launching speeds 1s one of the
primary factors contributing to the very wlde Mach number range attalinsble
in the wind tunnel. The maximm launching speed depends on the strength
of the model and sabot in resisting launching loads, or, in the case of
especially rugged models, on the maximm pressure allowable in the gun.
The highest velocity reached to date has been 6600 feet per second.

Range of Test Condltions

The test Mach mmbers corresponding to launching velocltles up to
8000, feet per second are shown in figure 5 for the three methods of
operetion posslible with the existing eaquipment: no alr flow through the
wind tunnel, referred to as "alr-off"; air flow at Mach mumber 2; and
alr flow at Mach number 3. The last two conditions are refexrred to as
"air-on." Although Mach numbers up to 10 have been sttalined, no serious
effort has been mede to reach the maximm possible Mech number because
of the need for research in the renge which can now be covered.

The renge of test Reynolds mmbers avallsble in the wind tunnel is
shown in figure 6 for a model L4 inches long. 8Since the model size 1is
conslidered fixed, there 1s no variatlion of Reynolds number at a glven
Mach nmumber for air-off testing. Alr-on, the maximim Reynolds mmber is
three times the minimm at each Mech mmber. The test Reynolds nmumber,
Ingstead of decreasing rapidly with increasing Mach number as 1s normal
in a conventional high Mach number wind tummel, Increases lineerly wlth
the test Mach number. Thls 1s due to the linear Increase of the speed of
the model reletive to the ailr while the free-streem density, viscoslty,
and speed of socund remelin fixed. The model slze selected for Fflgure 6
1s typlcal of the models which have been used.

Instruments

The basic wind-tunnel instruments are four shedowgraeph stations which
record the model position and attitude at 5-foot intervals along the test
section, and a chronograph which records the time Iintervals between the
shaedowgraph pictures. These Ingtruments are 1llustreted 1n figure 7. In
addition, although not shown in flgure T, there are three shadowgraph

il
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stations at T.5-foot intervals 1n the side of the test——section, used
Primarily to complete the-three-dimensional picture of the angle of
attack. Two of the side stations colncide with the first snd last verti-
cal stations. These instruments are unique in some respects and required
conplderable development to perfect, but only & brief description of them
will be glven here. A more. detailed description will be found in refer-
ence. 1. ) . :

Shadowgraph.- The light sources for the ghadowgrephs asre high inten-
sity sparks with en effective Photographic duration of . .about 0.3 micro-
second. Light from the sparks is reflected from sphericel mirrors to form
Parallel beams which pass up through the test section to expose photo-
graphic plates Just above. The time of firing of the sparks 1s controlled
by the model, which interrupts the light beam of a photoelectric detector
Just ahead of each station. This produces a signal which, after a time
delay, ceuses the spark to discharge at the correctinstant. Figure 8(a)
1s a shadowgraph obtained with this equipment. ' -

Precise distance measurements must be obtained from the shadowgraph
Pictures. These measurements are made using an Invar scale which extends
in one piece.through the four shadowgraph stations, Just below the photo-
graphic plates, as illustrated In figure 7. The silhouette Image of a
part of-the scale 1s recorded in each shadowgraph and may be seen along
the top edge of figure 8(a). To the distances cbtained by measuring with
reference to this scale, corrections are applied for imperfect—alinement
of the light beams. It-has been indicated by check measurements of a
known lerngth that these corrections bring the indicated distances to
within 0.0009 inch of the actual distance on the average. However, dis-
tance measurements for models moving at high speed are not this accurate
because the model image 1s slightly blurred due to the finite duration of
the gpark. It has been found, however, that a given individual can locate
repeatedly a reference point on the image (usually the model base) with
surprising consistency. Due to this ability, and the similarity of the
model images in all shadowgraphs, i1t has been found that an individual can
make repeated distance measurements which agree among themselves, and with
the measurements of other individuals to within 0.003 inch. It 1s belleved,
therefore, that the corrected distance intervaels are sccurate to within
0.003 inch.

Chronograph.~ The time intervals between spark firings ere photo-
graphically recorded on & 15-foot length of 35 mm film held at the circum-
ference of a 5-foot-dlameter f£ilm drum (fig. 7). Spot images of two kinds
are distributed along this film by a high-speed rotating prism et the cen-
ter of the drum. One set of spot images originetes at the shadowgreaeph
sparks where a part of the light from each spark, as it fires, is directed
to the chraonograph film. This is the basic time-record and consists of
four spota about 5 feet apart along the film. The second set of spots
originates at-a flashing mercury arc lamp which flashes at precisely
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equal lntervels. Intervals of 10, 20, 50, or 100 microseconds are used.
The time between flashes 1s controlled by a plezo-electric crystal
oscillator. These spots ate sbout an inch spart on the fiim. Figure 8(b)
1s a smell sectlion of chronogreph fllm with one shadowgreph sperk plp at
its center and several of the time-base pips on either side. The time
intervals between firing of the shadowgraph sperks caen be read from the
£1lm by counting the whole time-base Intervalas between spark pips and
interpoleting in the intervals where the spark pips occur. There are no
known errors in this system which exceed the error of reading the f£ilm.
The time-base plps are usually uniformly spaced on the £ilm within

0.5 percent and frequently within 0.l percent, corresponding to time-
interval inequalities of 0.1 microsecond and 0.02 microsecond, respec-
tlvely, for the 20-microsecond interval which 1s the one most frequently
used. This lnequallty of spacing is the accumlated effect of nommniform
operation of the crystal, nomuniform response of the lamp, unequal expo-
sure and development of pips on the £ilm, dimensionel instability of the
film, and errors 1in reeding. Although absolute asccuracy is less impor-
tant than relative sccuracy, the crystel has been celibrested agalnst the
Bureau of Standards frequency signal and 1s asccurate within 0.1 micro-
second over a period of 1 second. The repeatability of reading the film
is in the order of 0.1l microsecond and this is believed to be the accu-
racy of the instrument.

USE OF THE WIND TUNNEL

Although this wind tunnel was originally conceived primexrily for
measuring drag, 1t has been found possible to use it for other aero-
dynemic measurements as well. The development of its use is by no means
complete, sQ that what follows here 1s only a tentative report of what
has been done to date. More detailed discussion of the measuring proce-
dures outlined here will be included where necessary Iln lster reports.

Drag Measurement

Development of equation.- The equation for computing the drag coef-
fleclent 1s developed by wrlting Newton's second law for the force and
acceleratlon components perallel to the tunnel axis.
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\ L
Belaty,a 1.
Wind
x Tunnel e _
Axls B
B
~
DcosG+Lsin9=-mg'1t£ ' (1)
Since 6 never exceeds 2°,

(Cp + C1 8)aoS = -m o (1)

at-

Agsuming that the variation of drag coefficient-with angle of attack can
be written T ; -

oD = o5, + Ty
and agsuming a linear lift curve
Cr = CIb'a.
equation (la) becames
(CDymo + CL,@® + C1,08) 408 = -m S22 (1v)

This development will now be regstricted to those cases where the maximm
value of the coambination, Cr,o® + Cr,a@, 1s less than 0.02 Chy., and

can therefore be neglected. With this restriction, equetion (1b) becomes
— ._&lo
CpeoB = -m (1e)
ST
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The epproximate expression for dynemic pressure, %pc',uoz, differs by less

than 0.0k percent from the exact expresslon, %povoa, because vg < 0.02u,,
and will be used here

Cp & Poio™S = -m %2 (1a)
8

cp 28 av - - 2 1=y

Kopdt = - 22 (1£)

Using the lower limits, Xo = O and ug = upy; when % =0, two integra-
tions of equation (1f) give the following logerithmic expression:

KCpxo = n(KCpuo,t + 1) (2)

The unknown Cp occurs both inside and outside the logarithm and cennot
be calculated except by triel and error. Expanding the logarithm in
serieg reduces the difficulty.

-1

RCpxo = KCptio, t - S(KODuo, £)° + (KDD ug £)°. . . + “=— (Kopuo,t)™
(3)
Noting that
Xo = Xm + Uat, and uo, = um, + Ua
and dividing through by KCp ylelds
xn = umyt - S(KOD)(uo, )% + F(KCD)® (w0, %)%, . . + 2(KCD)™ T (ug, )7 e
3a

Equation (3a) 1s the working equation for the calculatlion of drag coeffi-
clent. The terms :

*n'= um;t - F(KOpuo,® )2

are the equation of uniformly deceleraied motlon, since Kr:'_nuo-.‘_a is the
value of the decelerstion at + = 0. The additional terms ere due to the
decrease in dynamlc pressure with time as the model decelerates. TIn
practice, the serles converges rapldly. Terms in powers of t greater
then i are rarely significent.

Use of egation._—: The quantities Xm, t, and X in equation (3=)
ere obtained from the time-dlistance record, fraom model measurements, and
from the alr-stream calibretion. Two quantitles, Um, and Cp are unknown.

N
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Two numerically independent equations can be written from (3a) using xp
and t data from three stations. These two equations are golved simml-
taneously for Cp by an iterative procedure.

Since only three stations are required to campute Cp and four are
available, the data from a single model launching are redundant and can
be used to caompute four velues of drag coefficient. The average of the
four ig assumed to be the best value for the round. A least=squares
procedure could be used, but would complicaete the data reduction wilthout
significantly improving the results since the scatter of the four values
of Cp, typlcally, 1s i2 percent.

-Accuracy.- The eccuracy with which drag coefflicient—can be measured
depends on Ege drag coefficient and mess per unit frontal srea of the
model. The deceleration must be sufficient to cause measurable differ-
ence between the actual motion and an undecelerated motion. In perticu-
ler, the quantity ('lhl'blq, - X314), hereinafter referred to as the distance
decrement, must be larger than 0.5 inch 1f the experimental scatter 1s to
be less than 12 percent. This quantity 1s affected by the drag coeffi-
"clent, the body fineness ratlo, ~the scale of the model, and the materials
and methods of model construction, and its importance must-be fully
appreciated in planning tests since some models &are unsatisfactory or
marginal in this respect. In other ceses, there 1s no difficulity in
obtaining the required distance decrement. The range of velues of dis-
tance decrement encountered thus fer has been from 0.3 inch to 10 inches.

A typicel set of drag measurements is presented in figure 9 where
drag coefficlent is plotied as & function of Mach number for a 60° cone
cylinder with & cylinder fineness ratioc of 1.2. The distance decremente
in this figure ranged from 1.8 to 4.5 inches. The average scatter of-the
four results obtalned with an individiial model was 1.4 percent. The
mean deviation of the experimental points from the falred curve 1is
1.2 percent. . - ’ ’

Meagurements of Lift-Curve Slope, Pitching-Moment-Curve
8lope, and Center of Pressure

Lift-curve slope.- A method which can be used to cbtain CLG

involves measuring the curvature of the flight path caused by lift of-a
model osclllating in pitch. The model is designed to execute between 1/2
and 1-1/4 pitching oscillations in the test mection and is disturbed at
leunching so as to ogeclllate with an amplitude of aebout 50 in the horizon-
tal plane. Small oscillations in: the verticel plane also occur due to
accidental disturbances. The complete motion in three dimensions cannot
be atudled because of inadequate data in the vertical plene. Instead,
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the projection of the motion in the horizontal plane is used assuming
that the interaction bebtween pltch and yaw 1s small. The angle of attack
of the model and the lateral position of 1ts center of gravity are care-
fully measured from the shadowgrsph plctures to prowvide the baslc data.

Using Newton!s second law of motion, the Instantaneous ecceleration
of the center of gravity of the model normal to the tunnel axis may be
written as follows:

“g-&;&.ﬁ (1)

This equation neglects the contribution of the dreg force to the lateral
scceleration (see dlagram on p. 10). The latter contribution is usually
negligible, but need not be so in every case, so care mmat be exercised
to see 1f this omission is permissible. The engle of attack in this
expresgsion veries with time, and the assumption 1s made that the 1ift
force veries linearly with the angle of attack.

An equetion describing the variation of angle of attack with time
can be written using the engle-of-asttack measurements from the shadowgraph
pictures and two assumptions which define the form of the motion. The
agsumptions are that the restoring moment in pltch 1ls directly propor-
tional to the angle of .attack and thaet the demping moment in pltch is
directly proportional to the pitching rate. These assumptions lead to
the following differentlal equatlion:

Izz—d?+ (Cmg, + Cmq) 081 FF +%qosw=o (5)

The solution of this equation 1s e damped sine wave glven by:

o = e"X5(E cos wt - F sin wt) (6)

Equation (6) is fitted to the cbserved varlation of o with respect to
time by a least-squares procedure described in reference 2. In this way,
the four unknowns, w, k, E, end F, are eveluated. The complete set of
four shadowgrephs is required to determine the slne wave so the method of
least squeres 1is not strictly requlired but is used as a convenlent and
systematic method. '

Cambining equations (4) and (6) glves the instentanecus lateral
acceleration as e function of time:

2 Cr,_ac8
&y _ &m _ “1g07 -kb(g cos wt - F sin wt) (7)
at2 | at m

Integrating with respect to t glves the fo]_'l.owing equatlion for lateral
velocity es a function of time:
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t_
8
v = & ey, 4 28 [ &K@ con wt - ¥ st wt)ar (8)
m tl

where wm,; 1s the lateral velocity at the firgt station. A second
integration gives the equation of lateral dlsplacement. This time the
integrals are evaluated between limits corresponding to the times and
lateral positions 1n two shadowgraph statlions.

-
Cr, a8 ptept
=% +vm1(t2-t1)+ﬁ;lv——ff e X(E cos wt - F sin wt)dt dt

f1 7t (92)

The double Integral on the right can be evaluated since both the Inte-

grand and the limits are knmown. For brevity, it will be designated Q,g.

CquoS
m

Y2 = Y1 + ¥m,(ta-t,) + Qo (9v)

In this equation, the-unknowns are CLu' and wm,. The guantity Wm, can
be eliminated by using data from a third stationm.

c S
Jg = ¥ + Wm;._(‘tg-tl) + —&;ﬂi‘; le (90)

Solving equations (9b) and (9c) simultaneously ylelds the Ffollowing _

expresslon for CLu.=
- t
Ly = 590 Qe - Qaltia/tie) (10)

As was the case with drag coefficlent, four Independent values of C];,u'
can be obtalned fraom a four-station run.

The primery requirement for & good test run 1s that the curvature of
the flight path in the test section be large enough to be measured accu-
rately. Early results have indicated that if-a streight line is drawn
between two measured positions of the model, polnts 1 and .3, the 1lift-
curve slope may be obtained within +7 percent—if point 2 falls at-least
0.20 inch off the line. It—1s expected that future improvements in
experimental technique will reduce this requirement:

Pltching-moment=vurve glope and center of pressure.- The least-
squares Tit to the verietion of angle of attack with time establishes
the pitching frequency, w. This:mekes 1t posisible to cobtaln the pitching-
moment-curve slope about the center o:E' gravity from the relatlon
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£ = L CmgBa0l (11)
2x/ Izgy

The scatter in repeated determinations of the frequency is sbout £5 per-
cent. This results in a scatter of about +10 percent in Cma.'

The center of pressure can be obtained from the 1ift and pitching-
moment results using the relation:

(E"-Pw—xﬂ) Clg, = Cmg, (12)

The center of pressure can be repeatedly measured in this way with a
scatter of eabout +2 percent of the body length. The percentage errors

in the margin of stabllity, Xep - Xeg, which 1s the quantlity directly
given by equation (12), are consistent with the percentage errors in
11ft and pitching moment. However, the margin of stabllity is smell
campared to the body length (from 0.05 1 to 0.15 1), so the error in Xcp
expressed as a fraction of the body length is much smaller than the
errore in 1lift and pitching moment.

Damping in Roll

The demping in roll of tall-body combinations can be measured by
launching the models from rifled guns and recording photographically the
roll angle ap a function of time as the model pesses through the test
gection. A high-speed motlon plcture camera 1s used to photograph the
tall-on view of the model. Depending on the velocity of the model, from
8 to 50 photographs cen be obtained of the model whlle it 1s in the test
gsection. Roll angles are accurately measured from the photographs on
the film strip. These are linked by a time reference which 1s printed
on the margin of the film by a flashing srgon lamp &s the photographs
are being teken. To these data 1s fitted an equatlon defining the pure
rolling motion of an axlally symmetric missile. The method used 1s
essentially that of Bolz and Nicoleldes, reported in reference 3. The
primary difference between the derivation of reference 3 end that which
follows here is in the cholice of the Independent verieble. Because of
the method of photogrephing the motion, 1t wes found deslrable to choose
time as the 1lndependent varieble rather than dlstance.

The equation of motion of en exlally symmetric mlssile in pure
rolling flight (single degree of freedom) 1is,

Tax S8 = I + Ip (13)

ST
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ir vhich Lg¢ and Ip are the rolling moments acting on the migsile due
to out-of~trim £in alinement and rolling velocity, d(p/dt, respectively.
Equation (13) can be rewritten in the form '

$+clgi-ca=_o_ ' (1k)
wvhere .
2
= - PoBwb Vg
€1 BTxx CT'P -
and

02. = .ﬂgﬁﬁ Cze
XX

vhere C; and Cp are assumed constant. The generel solution of equa-
tion (14) is : :

? =B + st + Ae~Cat (15)
vhere 8 = Cp/C;, the steady-state rolling velocity.

The experimental procedure is to fit equation (15) to the measured
variation of 9@ with time with the obJjective of evalueting C,. The
measurements of roll position are not highly preclse, but the data are..
redundent so that a gtatistical fit—1s the best approach to a reliable
answer. In order to make possible a least-squares fit to the dats, it
1s necessary to linearize equation (15). Initiel values are chosen, by
the method described in reference 3, for the constants in equation (15)
which 1s then expanded in a Taylor series about these initial values.

"C lit —C J-it

AR - tAy e Caib

? =By + 84t + Ay e + AB + tAs + e AC, -

t e C1% Ac AA 4+ A et (a0, )2+, L. (16)

in which -AB, As, AA, and AC: are corrections to the assumed values of
the constants. All terms in AC; and AA of order two or greater may be
neglected 1f AC, and AA are smell. Then | o

@ - P5 =AB + e + e CHb an tag e C11t

AC, (17)
where

P =By + 84t + A.ie-clift___
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the roll angle calculsted from initial values of the constants of eque-
tion (15). Equation (17) is then used to obtein the corrections to
these initiel values by the method of least squares usling the meagiired
values of roll angle. The iterative solutions of equatlon (17) are con-
vergent 1f initliasl values of the constants of equation (15) are chosen -
with reasonsble care. Three or four lterations ere usually sufflclent
+0 reduce the corrections to negligible magnitude.

A few measurements of €3, by this method have been obtained for
the alr-off condition of the 4 tunnel. Four measurements near the
same Mach mummber show a scatter of 3 percent. The demping derilvatlves
obtained show good agreement with linearized theory which 1s the expected
result for the low supersonlc Mech number at which the test was run.

IMPERFECTIONS IN THE WIND-TUNNEL ATR STREAM
AND THEIR EFFECT ON MODEL TESTS

-k

An extensive air-gtream survey 1in which total head, stetle pressure,
and stream angle were measured showed the maln socurce of alr-streem
imperfections to be a pair of cblique shock waves which originate at the
inflection point of the nozzle and reflect down the channel as shown In
figure 10. It is coincidentel that the waves reflect from the smooth
joint between the nozzle blockes and the test-section walls. With the
original position of the upper and lower walls {which were slightly
divergent to compensate for boundary-layer growth), the wave pattern
caused the Mach number to decrease stepwlse along the length of the test
section. Because of the desirability of maintaining a constant average
Mach number, the upper and lower walls of the test sectlon were diverged
farther so that the flow expanded steadlily to compensate for the stepwise
compression at the shocks. The resulting axial Mech mumber distribution
is shown in figure 11.

In scme gpplications, the existence of cobllique shock waves comparasble
to those occurring here would seriocusly affect the accuracy of the aero-
dynamic testing. In the present case, the indication 1is that the oblique
waves, while undesirable, do not introduce large errors in. the test
results. This indication 1s developed in the followlng nparagraphs where
four e&ffects . of the wave system on model tests are discussed.

Test Mach number.- As a consequence of the perlodic variletions in
air-gtream veloclty and speed of sound, the test Mach number varies
periodicelly as the model advences through the test section. The magni-
tude of the variation depends on the test Mach number and ranges from
+0.05 at_a Mach pumber of. 4 to #0.10 at a Mach number of 10.

. 4
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. . Dynemic pressure.- The shock-wave-system affects the test dynemic
pregsure since both the density and veloclty of the alr stream are
affected. The magnitude of the varlation In dynamlic pregsure ranges
from 2.5 percent at a Mach number of-4 to +3.2 percent at a Mach number
of 10. The pattern of varlation at a test Mach number of & 1s shown in
figure 12.

In computing the aerodynamic coefficients from the data, the dynamic
pressure 1ls asgsumed to be constant at 1ts mean value.- In the case of drag
measurement, this assumptlon Introduces scatter in the results because the
mean dynamic pressures in the three shadowgraph intervals are not exactly
equal. The scatter from this cause hes been estimated at—less than
0.5 percent. In the case-of pitching or rolling motions, the unsteadliness
of the dynamic pressure slightly distorte the motions and causes an
apparent scatter of the measurements o.f angular position about -the ideal-
l1zed curve.

Statlc pressure.- A large statlec~pressure varlation In the stream
direction exists due to the shock-wave gsystem. The pressure distribution
elong the upper and lower walls 1s plotted in figure 13. The meximm
variation is 14.5 percent from the mean value. In splte of this large
varlation, the errors which result are believed to be small for three
reasons:

:-L.- Tine pressure difference fore and aft on the model 1s not the
full peak-to-peak value but a small fraction of this emount because the
model 1s short campared to- the cycle.

2. The axial force casused by this pressure @ifference 1s negligibly
gmall compared to the drag because the teat dynamic pressures are very

large. The quantity %??- ranges from 0.0083 at Mg = 4 to 0.0013 at™
Mo = lo.

3. The effect—of the pressure gradient on model position 1s com-
pensating within any complete cycle because the gradient alternately
adds to and subtracts from the drag.

Stresm angle.- Stream angularity up to 1° 1in a vertical plane and up
to 0. in a horizontal plane was measured within the alr ptream. The

ptream-angle variation relative to the model 18 reduced 50 percent or
more from its value relative to the tunnel because the upstream velocity
of the model adds vectorially to the velocity of the air gtream. There-
fore, to a model proceeding upstream along the tunnel axis, the varistion
in gtream direction is less than +0.5° in a vertical plane and #0.2° in a
horizontal plane. The effect on the drag of anglies of attack of this
magnitude ig amall. The effect of the stream-angle variation on pitching
motions 1s belleved to be small for the followlng reasons:

~ IS
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l. The pitching motions are studied in the horizohtel pla.ne where
the stream angulerity is least.

2. The amplltude of the stream-angle varlatlion 1s small compared
to the amplitude of the pltching osclllation.

3. The frequency of the stream-angle varlatlon 1s sbout five tlimes
the designed frequency of oscillation of the models so the response of
the models to the ilmpressed vearistion is very wesk.

CONCLUDING REMARKS -

The operation and usefulness of the Ames supersonic free-flight wind
tunnel as a research faclllity has been descrlbed. The a.erod;mmnic proper-
tles which may be studled in this wind tumnel Include:

l. Drag

2. Lift-curve slope

3. Piltiching-moment-curve slope
i. Center of pressure

5. Damping in roll

These measurements cen be made over & wilde range of Mach numbers
and Reynolds numbers at’ temperatures approaching actusl flight condltions
for misslles. Techniques are belng developed to measure a.erodynamic
properties other than those emumerated here.

Ames Aeroneutlical ILaborsatory,
Natlonal Advisory Committee for Aeronautics,
Moffett Fleld, Calif.
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Figure T.- Schematic drawing of the time-distance imgtruments.
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(a) Shadowgraph.

(p) Section of chronograph film.

Figure 8.- Samples of the time-distance record.
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